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Zonation of bacterioplankton
communities along aging upwelled
water in the northern Benguela
upwelling
Benjamin Bergen, Daniel P. R. Herlemann and Klaus Jürgens*
Leibniz Institute for Baltic Sea Research Warnemünde, Rostock, Germany
Upwelling areas are shaped by enhanced primary production in surface waters,
accompanied by a well-investigated planktonic succession. Although bacteria play
an important role in biogeochemical cycles of upwelling systems, little is known
about bacterial community composition and its development during upwelling events.
The aim of this study was to investigate the succession of bacterial assemblages
in aging upwelled water of the Benguela upwelling from coastal to offshore sites.
Water from the upper mixed layer at 12 stations was sampled along two transects
from the origin of the upwelling to a distance of 220 km. 16S rRNA gene amplicon
sequencing was then used in a bacterial diversity analysis and major bacterial taxa
were quantified by catalyzed reporter deposition-fluorescence in situ hybridization.
Additionally, bacterial cell numbers and bacterial production were assessed. Community
statistical analysis revealed a reproducible zonation along the two transects, with four
clusters of significantly different microbial assemblages. Clustering was mainly driven
by phytoplankton composition and abundance. Similar to the temporal succession
that occurs during phytoplankton blooms in temperate coastal waters, operational
taxonomic units (OTUs) affiliated with Bacteroidetes and Gammaproteobacteria were
dominant during algal blooming whereas “Pelagibacterales” were highly abundant in
regions with low algal abundance. The most dominant heterotrophic OTU (9% of all
reads) was affiliated with “Pelagibacterales” and showed a strong negative correlation
with phytoplankton. By contrast, the second most abundant heterotrophic OTU (6%
of all reads) was affiliated with the phylum Verrucomicrobia and correlated positively
with phytoplankton. Together with the close relation of bacterial production and
phytoplankton abundance, our results showed that bacterial community dynamics is
strongly driven by the development and composition of the phytoplankton community.
Keywords: Benguela upwelling, diversity, pyrosequencing, bacterioplankton communities, phytoplankton bloom
Introduction
Ocean margins and upwelling systems in particular are sites of enhanced primary
production and organic matter export. The Benguela upwelling, one of the most intensive
upwelling systems worldwide (Nelson and Hutchings, 1983), is characterized by constant
upwelling of nutrient rich water from deeper layers with maximum upwelling between
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August and October and aminimum between January andMarch
(Shannon and Nelson, 1996). Upwelling is driven by southeast
trade winds and the resulting Ekman oﬀshore transport. Many
studies on the Benguela upwelling have focused on the succession
of phytoplankton and zooplankton. Their results have shown that
the upwelling of nutrients leads to a characteristic phytoplankton
succession in which the early bloom is dominated by diatoms
or dinoﬂagellates (e.g., Barlow, 1982; Pitcher et al., 1998) that,
after nutrient depletion, are replaced by other phytoplankton
groups (Brown and Hutchings, 1987). As the bloom declines,
there is an increase in nano- and mesozooplankton biomass
and therefore in the grazing impact of ﬂagellates and copepods
(Painting, 1993a).
Investigations of the role of prokaryotes in upwelling systems
have shown a signiﬁcant correlation between bacterial and
primary production (e.g., Painting, 1993b; Wiebinga et al.,
1997; Cuevas et al., 2004) which indicates the importance of
bacteria as decomposers of organic matter in these systems.
Most studies have focused on prokaryotic bulk parameters
such as cell abundance or production while the few that have
examined upwelling-induced changes in prokaryotic community
composition either lacked suﬃcient resolution (Kerkhof et al.,
1999; Suzuki et al., 2001; Alonso-Gutiérrez et al., 2009; Teira
et al., 2009b), were limited to one sampling station, or
focused on metabolic processes (Cury et al., 2011; Zeigler
Allen et al., 2012). Nonetheless, their ﬁndings provided the
ﬁrst clues in upwelling systems of the frequent occurrence of
Bacteroidetes, Roseobacter, and the gammaproteobacterial clade
SAR86 as well as speciﬁc associations between bacteria and
phytoplankton.
As a perennial upwelling system, the northern Benguela
provides optimal conditions to investigate bacterial community
development along aging upwelled water during the successive
stages of a phytoplankton bloom. Hansen et al. (2014)
analyzed samples taken in parallel to those collected for
this study and found a shift in phytoplankton community
composition, with dinoﬂagellates dominating coastal stations
and diatoms dominating the phytoplankton community located
approximately 50 km oﬀshore.
The present study was part of an interdisciplinary research
project examining successive processes in the coastal Benguela
upwelling system during strong upwelling in late winter.
Applying an Eulerian approach, we sampled a transect at a
45◦ angle to the upwelling current, which led to a projection
of aging upwelled water along the transect (Mohrholz et al.,
2014). To determine whether, as expected, the bacterial
community responds to upwelled water of diﬀerent ages,
we used next-generation sequencing of partial 16S rRNA
genes to describe the changes in community composition.
The data were analyzed for indications of the major drivers
of changes in the bacterial community. This study is the
ﬁrst to demonstrate the remarkable diﬀerences in the
bacterial communities of the Benguela upwelling and that
they are mainly triggered by the abundance and quality of
phytoplankton. On a spatial scale, our ﬁndings also conﬁrm the
successional bacterial pattern that occur during phytoplankton
blooms.
Materials and Methods
Sampling
Samples were taken between 10 and 220 km oﬀ the coast of
Namibia during a cruise of the R/V M. S. Merian in the northern
Benguela upwelling region (Figure 1). The transect was sampled
two times consecutively with a time interval of 4 days (transect
1: 27.08.2011–30.08.2011; transect 2: 30.08.2011–02.09.2011).
Samples were taken at depths of 5 and 20 m using a rosette
water sampler comprising 24 10-L free-ﬂow bottles. Proﬁles of
temperature, salinity, oxygen, and chlorophyll ﬂuorescence were
measured using a CTD SBE911+ combined with the bottle
sampler rosette. Water samples for DNA analysis were ﬁltered
onto 0.22-µm pore-size white polycarbonate ﬁlters. DNA was
extracted according to Weinbauer et al. (2002). Chlorophyll a
(Chl-a) concentrations were determined according to Hansen
et al. (2014).
Prokaryotic Cell Number and Activity
Measurements
Prokaryotic cells were counted using a ﬂow cytometer
(FacsCalibur, Becton Dickinson, Heidelberg, Germany)
following the method of Gasol et al. (1999). Calculations
were performed using the software program “Cell Quest Pro,”
plotting the emission ﬂuorescence of SYBR Green I (488 nm) vs.
the side scatter. Picocyanobacteria were similarly counted on the
basis of their signature in a plot of orange (FL2) vs. red (FL3)
ﬂuorescence.
The incorporation of 3H-leucine (140 Ci mmol−1) was
measured to estimate heterotrophic bacterial productivity in
10-mL water samples. Triplicate samples were incubated at
a ﬁnal concentration of 100 nM for at least 1 h at the in
situ temperature in the dark. Incorporation was stopped by
ﬁxing the cells with formaldehyde (5% v/v). A fourth sample,
serving as a blank, was ﬁxed for at least 10 min prior to
the addition of the radioactively labeled substrate. The samples
were ﬁltered onto 0.22-µm polycarbonate ﬁlters (Millipore),
which were then placed in 4 mL of scintillation cocktail. The
incorporated substrate was counted in a scintillation counter
(Packard). Bacterial carbon production was calculated from 3H-
leucine incorporation according to Simon and Azam (1987),
using a leucine mol% value of 7.3 and a carbon conversion factor
of 0.86.
Catalyzed Reporter Deposition-Fluorescence
in Situ Hybridization (CARD-FISH) and Cell
Counting
Catalyzed reporter deposition-ﬂuorescence in situ hybridization
was carried out using the protocol of Pernthaler et al.
(2002), with modiﬁcations. Before digestion, the ﬁlters were
incubated in 0.01 M HCl for 10 min to inactivate undesirable
peptidases. Bacterial staining was carried out using the
horseradish-peroxidase-labeled FISH probes EUBI-III (Daims
et al., 1999), VER47 (Buckley and Schmidt, 2001), and
SAR11-486 (Fuchs et al., 2005). For signal ampliﬁcation,
tyramide labeled with the ﬂuorescent dye carboxyﬂuoresceine
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FIGURE 1 | (A) Transect along the northern Benguela upwelling, showing the
locations of the stations and their distance to the shore. (B) Scheme of the
Eulerian approach used in this study, with the coastal parallel current vector y
and the normal to the coast vector x that corresponds to the transect. The
colored vectors indicate the projection of the upwelled water during different
developmental stages on the transect.
was used. Total cell numbers were estimated by 4′,6′-
diamidino-2-phenylindole (DAPI)- staining of the probe-labeled
samples.
DAPI and EUB I-III stained cells were counted using
an automated system coordinated with the epiﬂuorescence
microscope AxioImager (Zeiss, Germany) and in combination
with a Colibri LED unit and a charge-coupled device camera
(AxioCam MRm, Zeiss, Germany). Images were acquired using
a 100× Plan-Apochromat objective (Zeiss) and the Zeiss multi-
band ﬁlter set 62HE. Automatic processing of the samples
was achieved with the Visual Basic for Application module
of AxioVision 4.6 (Zeiss, Germany) together with comprised
automated sample recognition and localization, multichannel
image acquisition, image processing, and cell counting routines
(Zeder and Pernthaler, 2009). VER47- and SAR11-486 stained
cells were counted manually at the same microscope using
a 63× Plan-Apochromat objective and the same ﬁlter set.
For each sample, at least 1000 DAPI-stained cells in at least
ten independent microscopic ﬁelds were counted, excluding
cells that exhibited autoﬂuorescence (590 nm). Heterotrophic
nanoﬂagellates (HNFs) were also counted manually using ﬁlter
set 02 (Zeiss, Germany). A minimum of 100 cells per ﬁlter were
counted at a magniﬁcation of 630×.
Bacterial Community Composition
For bacterial diversity analysis, hypervariable regions 3–5 (V3–
V5) of the 16S rRNA gene were used to generate PCR
amplicons, as described by Herlemann et al. (2011), but with a
modiﬁcation of 30 PCR cycles. Sequencing was performed by
Euroﬁns MWG GmbH using 454 GS-FLX sequencer (Roche).
The denoising tool Acacia (Bragg et al., 2012) was used
to correct amplicon pyrosequencing errors. Primer sequences
were trimmed from the reads and the sequences were clipped
400 bp downstream of the primer. Reads shorter than 400 bp
(excluding the primer) and/or containing Ns were excluded.
Reads that were found only once in the sample set were
removed from the analysis. Sequences were aligned and clustered
at 97% identity into operational taxonomic units (OTUs), as
described by Herlemann et al. (2011), using the pyrosequencing
pipeline at RDP (Cole et al., 2009). The online tool Decipher
(Wright et al., 2012) was used to identify and remove chimeric
sequences in the remaining OTUs. The abundances of the
resulting OTUs were normalized using the relative proportions
of individual OTU reads from all sample reads. Sequences have
been deposited in the European Nucleotide Archive (ENA),
with the study accession: http://www.ebi.ac.uk/ena/data/view/
PRJEB8816.
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Statistics
A non-hierarchical clustering method, k-means clustering
(MacQueen, 1967), was used to reveal similar spatial distribution
patterns in the relative abundances of the 25 most frequent
OTUs. According to the most pronounced distribution patterns,
OTUs were clustered into ﬁve groups. Sequence results from the
whole sequence data were analyzed using principal coordinate
analysis (PCoA) with the Bray–Curtis index of dissimilarity
based on the normalized abundance data. A cluster analysis was
used to identify bacterial community clusters in the PCoA plot
and a subsequent ANOSIM analysis was performed to conﬁrm
signiﬁcant diﬀerences between the clusters. Spearman rank
correlation analysis was used to compare PCoA coordinates with
environmental parameters to determine their link to community
separation. All statistical analysis were performed using the PAST
software package version 2.17c (Hammer et al., 2001).
Results
Hydrographic data showed that this study was performed during
a period of constant upwelling and the oﬀshore transport of
nutrient-rich shelf water in front of Namibia (Mohrholz et al.,
2014; Nausch and Nausch, 2014). Since the mixed-layer depth
was at least 20 m along the whole transect, for all analyses
in this study the mean values from the 5 and 20-m samples
were used to describe bacterial community development in
the upper mixed layer. Upwelling resulted in an increase in
phytoplankton development, characterized by a high abundance
of dinoﬂagellates, beginning 40 km oﬀshore, at station NAM004,
and peaking 70 km oﬀshore, at station NAM007, where diatoms
dominated (Hansen et al., 2014). A cold-water ﬁlament moving
oﬀshore inﬂuenced the remote stations (NAM016 to NAM018),
causing minor diﬀerences between transects 1 and 2, namely,
a more pronounced Chl-a peak at station NAM007 in transect
2 and a shift of the oﬀshore Chl-a ﬁlament from station
NAM017 in transect 1 to station NAM018 in transect 2.
Therefore, the developmental stage of the upwelled water was
classiﬁed to determine the validity of a description of successive
processes along the transect or whether it would be aﬀected
by mesoscale dynamics such as ﬁlaments and eddies. The
progressive aging of the water masses from station NAM001 to
NAM014 was conﬁrmed by Mohrholz et al. (2014), who used
salinity, temperature, and oxygen concentrations to calculate the
relative ages (pseudoages) of the water masses.
Prokaryotic Abundance and Activity
Prokaryotic abundance (PA) ranged from 1.3 × 106 cells mL−1
at the near-shore station (NAM001, transect 2) to a peak of
3.5 × 106 cells mL−1 at a distance of 70 km from the coast
(NAM007, transect 2; Figures 2A,C). The increase in PA over the
ﬁrst 70 km was followed by a decrease until 90 km, remaining
FIGURE 2 | Prokaryotic abundance (PA) in transect 1 (A) and transect 2 (C) and bacterial protein production (BPP) in transect 1 (B) and transect 2 (D)
in the upper 20 m (lines). Chlorophyll-a concentration (gray area) in relation to the distance from the coast is also shown.
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relatively constant, at 1.5–2 × 106 cell mL−1, thereafter. PA
correlated signiﬁcantly with Chl-a concentrations (p < 0.05). As
most stations with high Chl-a concentrations were dominated
by diatoms (Hansen et al., 2014), there was a signiﬁcant positive
correlation between PA and diatom biomass (p < 0.05). Further
analysis showed signiﬁcant positive correlations between PA and
NO2 (p < 0.05) and a marginally signiﬁcant correlation with the
abundance of HNFs (p< 0.1; Table 1).
Synechococcus cell numbers ranged from 6.5 × 106 cells L−1
at the near-shore stations of transect 1 to 5.8 × 107 cells L−1 in
the region of low Chl-a concentration of transect 2 (NAM014).
The Synechococcus distribution pattern was in good accordance
with bacterial protein production (BPP) but the trend was not
signiﬁcant (data not shown). Prochlorococcus cells were not
detected in either transect.
Bacterial protein production increased in parallel with PA over
the ﬁrst 50 km, from 2.3 µg C d−1 L−1 ± 0.2 µg C d−1 L−1 at
the most near-shore station (NAM001; means of transect 1 and 2)
to 6.33 µg C d−1 L−1 ± 2.88 µg C d−1 L−1 at station NAM005
(Figures 2B,D). However, the peak in BPP occurred before the
peak in Chl-a concentration in areas with high nutrient levels. At
a distance of 70 km (NAM007), where PA was high and Chl-a
concentrations reached a maximum, BPP strongly decreased to
1.82 µg C d−1 L−1 ± 0.78 µg C d−1 L−1. A second but smaller
increase in BPP, to 2.67 µg C d−1 L−1 ± 2.5 µg C d−1 L−1,
was measured at transect 1 at a distance of 170 km (NAM016).
Bacterial production was positively correlated to nutrients (NO3,
PO4, DIN; p < 0.05) and was marginally signiﬁcant correlated
with the abundance of HNF (p< 0.1; Table 1).
Bacterial Diversity
Pyrosequencing generated 150,006 raw sequence reads. After
denoising and the removal of sequence reads present only once
in all samples and of chimeric sequences, a total of 125627 reads
remained. These sequences were clustered into 1335 OTUs at an
average sequence identity of 97% per OTU.
Analysis of the normalized abundance data showed that the
25 most abundant OTUs contained more than 50% of all reads
and were identical in both transects, although in a diﬀerent rank
TABLE 1 | Correlation (Spearman, rs) of bacterial parameters and
environmental variables from both transects.
Parameter PA r−, p-value BPP r−, p-value
NO2 0.49, <0.05 ns
NO3 ns 0.47, <0.05
PO4 ns 0.52, <0.05
NH4 ns ns
Chl-a 0.71, <0.05 ns
Diatoma 0.57, <0.05 ns
Dinoa ns ns
HNF ns ns
aExpressed as biomass.
PA, prokaryotic abundance; BPP, bacterial protein production; Chl-a, chlorophyll-
a; Dino, dinoflagellates; HNF, heterotrophic nanoflagellate cell number; ns, not
significant.
order (Table 2). The most abundant OTUs in both transects
were those of common marine bacterial groups, including two
OTUs aﬃliated with “Pelagibacterales” (10% of the total read
abundance), one OTU from Cyanobacteria family II (9.5%),
which includes the genera Prochlorococcus and Synechococcus,
one OTU identiﬁed as Verrucomicrobia genus Persicirhabdus
(5.4%), and two OTUs from the Gammaproteobacteria SAR86
cluster (4.9%; Supplementary Figures S1 and S2). The highest
diversity occurred within the Flavobacteriaceae, represented by
eight of the 25 most abundant OTUs.
Spatial Patterns
Some of the most abundant OTUs showed contrary
patterns with respect to their relative abundances along the
transects. For example, the abundances of OTUs aﬃliated
with “Pelagibacterales” correlated negatively with those of
Verrucomicrobia (p < 0.05). “Pelagibacterales” were dominant
at stations with low Chl-a concentrations, but at stations with
high Chl-a concentrations their relative abundances decreased
whereas verrucomicrobial OTUs increased to as high as 23% of
all bacterial reads (Figure 3), resulting in a signiﬁcant positive
correlation with Chl-a (p < 0.05). To validate the proportion of
these abundant OTUs revealed by pyrosequencing, CARD-FISH
was performed for a subset of eight samples from stations
related to four clusters identiﬁed, as described below, by PCoA
(5 and 20-m samples from NAM001, NAM007, NAM011,
and NAM018). The proportions of “Pelagibacterales” and
Verrucomicrobia cells from all bacteria calculated from the direct
cell count using CARD-FISH showed similar trends to sequence
proportions derived from pyrosequencing (Figure 3). However,
for Verrucomicrobia the CARD-FISH-derived abundance was
lower than that determined by pyrosequencing (CARD-FISH
n = 8, average 5% of EUB, pyrosequencing average 10% of the
total bacterial community) whereas for “Pelagibacterales” the
abundances determined by the two methods were the same
(CARD-FISH n = 8, average 8% of EUB, pyrosequencing average
8% of the total bacterial community). Linear regression analysis
of the pyrosequencing- and CARD-FISH-derived abundances,
including all samples, showed that their relationship was
signiﬁcant (n = 16, R2 = 0.77, p< 0.01).
K-means clustering was used to detect characteristic patterns
of OTU abundance along the transects (Figure 4). The 25 most
abundant OTUs could thus be assigned to ﬁve clusters with
diﬀerent patterns that were recognizable in both transects. The
clustering approach mainly grouped OTUs according to their
correlation with Chl-a. In both transects, cluster 1 and cluster 4
were mainly represented by OTUs that had a signiﬁcant positive
correlation with Chl-a (p < 0.1), including OTUs aﬃliated
with Synechococcus, Verrucomicrobia genus Persicirhabdus, and
several Flavobacteriaceae. Cluster 2 and cluster 3 comprised
several OTUs that had a signiﬁcant negative correlation with
Chl-a, including “Pelagibacterales” and SAR86 clade OTUs.
Cluster 5 contained OTUs that showed no correlation with
Chl-a. Interestingly, cluster 4, which grouped OTUs that
peaked in parallel during and after the bloom, was almost
entirely represented in both transects by OTUs aﬃliated with
Flavobacteriaceae.
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TABLE 2 | Taxonomic affiliation of the 25 most abundant operational taxonomic units (OTUs) along transect 1 and transect 2.
OTU no. OTU Transect 1 (rank) Transect 1 (%) Transect 2 (rank) Transect 2 (%)
1 Cyanobacteria – Synechococcus 2 8.2 1 10.8
2 Alphaproteobacteria – Candidatus Pelagibacter 1 8.3 2 9.8
3 Verrucomicrobia – Persicirhabdus 3 5.3 3 5.5
4 Gammaproteobacteria – SAR86 clade 4 4.1 4 3.4
5 Gammaproteobacteria – Oceanospirillales 5 3.5 6 2.3
6 Actinobacteria – OCS155 marine group 7 2.5 5 2.6
7 Bacteroidetes – Flavobacteriaceae 6 2.6 8 2.2
8 Gammaproteobacteria – OM60(NOR5) clade 8 2.2 7 2.2
9 Alphaproteobacteria – Rhodobacteraceae 9 2.2 9 1.9
10 Bacteroidetes – Formosa 13 1.3 10 1.9
11 Alphaproteobacteria – Roseobacter clade DC5-80-3 10 1.7 13 1.4
12 Bacteroidetes – Flavobacteriaceae 12 1.5 11 1.4
13 Alphaproteobacteria – Rhodobacteraceae 11 1.7 20 1.0
14 Bacteroidetes – Formosa 14 1.3 12 1.4
15 Bacteroidetes – NS4 marine group 15 1.3 16 1.2
16 Gammaproteobacteria – E01-9C-26 marine group 18 1.1 17 1.2
17 Bacteroidetes – Gaetbulibacter 17 1.1 18 1.1
18 Gammaproteobacteria – SAR86 clade 16 1.2 21 1.0
19 Chloroplast 22 1.0 14 1.3
20 Bacteroidetes – NS2b marine group 19 1.1 15 1.2
21 Verrucomicrobia – Roseibacillus 23 0.9 19 1.1
22 Alphaproteobacteria – SAR11 clade 21 1.0 22 0.9
23 Bacteroidetes – VC2.1 Bac22 20 1.0 25 0.8
24 Bacteroidetes – Ulvibacter 24 0.9 23 0.8
25 Alphaproteobacteria – AEGEAN-169 marine group 25 0.8 24 0.8
Abundance rank and averaged relative abundance of the respective OTUs are shown.
To identify a general structure in the distribution of OTUs
along the transects, the relative abundances of all OTUs were
subjected to a PCoA (Figure 5). Correlation analysis with
environmental variables indicated that in both transects the ﬁrst
axis distinguished samples with low vs. high Chl-a values. The
ﬁrst axis divided samples from transect 2 by temperature and
salinity (Table 3). In the second axis, samples from both transects
were divided based on inorganic nutrient levels, temperature,
and distance to shore. The analysis showed a zonation along
the transects and a cluster analysis distinguished four bacterial
community clusters deﬁned at the OTU level (Supplementary
Figure S3). An ANOSIM analysis conﬁrmed the signiﬁcant
diﬀerences between these four clusters (transect 1: R = 0.83,
p < 0.01; transect 2: R = 0.68, p < 0.01). The four clusters
were numbered according to their distance to the shore, with
increasing distance from cluster 1 to cluster 4. Their major
features are presented in Table 4. Even on a phylum level,
diﬀerences between the four clusters were obvious and they
were apparent in both transects. Thus, all clusters comprised
the same dominating phyla (Alphaproteobacteria, Bacteroidetes,
Gammaproteobacteria, Cyanobacteria, and Verrucomicrobia) but
their relative abundances diﬀered greatly among clusters 1–4
(Figure 5). Whereas there was no clear trend in the proportion
of OTUs aﬃliated with Cyanobacteria, the relative abundance
of Gammaproteobacteria sequences was highest in the near-
shore cluster 1 (23%) and lowest in the oﬀ-shore cluster 4
(14.5% ± 2.5%). Alphaproteobacteria reads were most abundant
in cluster 3 (37%± 1%) but very low in cluster 4 (13.5%± 4%). By
contrast, the proportion of sequences aﬃliated with Bacteroidetes
was highest in cluster 4 (28% ± 2.5%) and lowest in cluster 3
(18.5% ± 2.5%). The strongest variations were observed in the
relative abundances of Verrucomicrobia sequences, which were
very low in clusters 1 and 3 (2% ± 0.8 %) but much higher in
clusters 2 and 4 (12.25% ± 4.5%).
Discussion
The northern Benguela is a highly productive, perennial
upwelling system (Shannon et al., 1986). The aim of this study,
performed in late winter, when the upwelling is strongest, was
to describe the development of the bacterial communities in
aging upwelled water and to gain insight into the primary
drivers of bacterial community composition. To follow successive
developments we used an Eulerian approach, investigating water
masses from diﬀerent source areas and of diﬀerent ages after
the upwelling, rather than following the development of a single
aging water mass (Langrangian approach). However, Mohrholz
et al. (2014) found that most surface water along the transect
stems from an upwelling band located along the coast and
characterized by similar hydrographic conditions. Our data
provide insights into the response of the bacterial community
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FIGURE 3 | Abundance profiles of “Pelagibacterales” (A) and
Verrucomicrobia (B) as the average of the upper 20 m of transect 1.
Dots indicate the relative amounts of the respective reads from all reads
obtained from pyrosequencing, bars indicate the relative amounts of
respective cells from all bacterial cells detected by Catalyzed reporter
deposition-fluorescence in situ hybridization (CARD-FISH). The chlorophyll-a
concentration is indicated by the gray area.
to diﬀerent developmental stages after the upwelling and to
an upwelling-induced phytoplankton bloom. During our study
reproducible changes in PA, BPP, and BCC were determined in
the two sampled transects. These changes were mainly caused by
the abundance and quality of phytoplankton and to some extent
resembled the bacterial succession that occurs in temperate water
during phytoplankton blooms (e.g., Teeling et al., 2012).
Phyto-Bacterioplankton Coupling
The measured PA corresponded well to the Chl-a concentration
along the transects, while BPP peaked closer to the shore,
where nutrient concentrations were high, and nearly reached its
minimum during the Chl-a peak. This resulted in a signiﬁcant
correlation between upwelled nutrients (NO3, PO4) and BPP
such that bacterial growth at this location was not carbon-limited
but was instead stimulated most likely by the upwelled inorganic
nutrients. This conclusion is supported by an estimation of
bacterial carbon requirements (data not shown) based on BPP
measurements and using a theoretical bacterial growth eﬃciency
of 30%, as previously determined in other upwelling systems
(Sorokin and Mikheev, 1979; Lønborg et al., 2011). These
calculations suggest that the estimated primary production
(Fernández-Urruzola et al., 2014) was suﬃcient to meet bacterial
carbon demands along the entire length of each transect. It is also
possible that BPPwas stimulated by upwelled refractory dissolved
organic carbon (DOC) from the deep-ocean which became
more bioavailable due to photochemical transformations after
reaching the surface (Benner and Biddanda, 1998). We therefore
hypothesize that the initial upwelled bacterial community
beneﬁted from upwelled nutrients and photosynthetically derived
organic carbon from the dinoﬂagellates that were dominant in
this area (Hansen et al., 2014).
The mean PA is in accordance with the bacterial numbers
previously reported from the Benguela upwelling (Brown et al.,
1991) and from other upwelling regions (Wiebinga et al.,
1997; Barbosa et al., 2001; Cuevas et al., 2004). The low PA
in the active upwelling is in accordance with the low cell
numbers characteristic of deep water after the cells have been
moved to the surface. A strong coupling between PA and the
developing phytoplankton bloom after an upwelling has also been
reported for the northwest Indian Ocean, the southern Benguela
upwelling, and the Chilean upwelling (Painting, 1993a; Wiebinga
et al., 1997; Cuevas et al., 2004).
The increase in BPP was comparable to that in previous
reports from the northern and southern Benguela upwellings and
the Chilean upwelling (McManus and Peterson, 1988; Painting
et al., 1989; Brown et al., 1991). Several studies have conﬁrmed the
high level of bacterial activity in newly upwelled water (Sorokin
and Mikheev, 1979; McManus and Peterson, 1988; de Carvalho
and Gonzalez Rodriguez, 2004). Their results are in accordance
with the earlier observations of Vinogradov and Shushkina
(1978) and Sorokin and Mikheev (1979), who suggested that
upwelled water passes through heterotrophic and autotrophic
phases as it moves oﬀshore. McManus and Peterson (1988)
hypothesized that bacteria in newly upwelled water are stimulated
by the sinking substrates generated by herbivory in oﬀshore
waters and advected inshore during an upwelling.
The low level of BPP during the peak Chl-a concentration
has several possible explanations. Hansen et al. (2014) observed,
for the same transect, a signiﬁcant change in phytoplankton
community composition between the upwelling and the Chl-
a maximum. Whereas coastal stations were dominated by
dinoﬂagellates, approximately 50 km oﬀshore there was a drastic
shift to a diatom-dominated community, which resulted in
maximum Chl-a concentrations at a distance of 70 km. Our
Eulerian approach prevented an assessment of the developmental
stage of the diatom bloom during the Chl-a peak. However, the
reduction in BPP might have been linked to the young age of the
diatom bloom, when less DOC is produced such that bacteria
must attach to phytoplankton cells in order to hydrolyze the
dissolved organic matter (Smith et al., 1995). Furthermore, the
high abundance of HNF (data not shown) and their marginally
signiﬁcant correlation with bacterial abundance would have led
to a predominant reduction of active cells by grazing (Jürgens and
Matz, 2002).
In contrast to our observations, McManus and Peterson
(1988) and Painting (1993b) reported an increase in bacterial
production during and after the peak of primary production. This
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FIGURE 4 | Abundance profiles for the 25 most abundant operational
taxonomic units (OTUs) along the two transects. The OTUs were clustered
according to their spatial distribution into five clusters by k-means clustering.
The gray area indicates the chlorophyll-a concentration. The OTU ID is shown in
parentheses to differentiate OTUs with identical taxonomic labels. Significant
correlation with the chlorophyll-a concentration (∗p < 0.1).
discrepancy might reﬂect the fact that we did not sample the
diatom post-bloom and therefore missed a second peak in BPP.
However, phytoplankton, bacteria, and the control of the latter
by bacterivores are closely related, as shown in simulations of
diﬀerent biomass relationships in plankton communities after an
upwelling (Moloney and Field, 1991). Sarmento and Gasol (2012)
were therefore able to show that DOC originating from diﬀerent
phytoplankton species diﬀerentially stimulated heterotrophic
prokaryotes. Furthermore, an increase in BPP during the diatom
post-bloom might have been hindered by the dynamic conditions
in this area, with potentially high HNF grazing and sinking of
diatom cells. This conclusion is supported by the rapid decrease
in PA 90 km oﬀshore, probably due to predation by bacterivores,
as demonstrated in a microcosm simulation of the upwelling in
the southern Benguela (Painting et al., 1989).
Zonation of Bacterioplankton Communities
The inﬂuence of phytoplankton development on PA and BPP
was even more obvious when the shifts in BCC were considered.
The dominance of the taxonomic groups Alphaproteobacteria
clade SAR11, Cyanobacteria clade GpIIa, Gammaproteobacteria,
Bacteroidetes, and Verrucomicrobia was in accordance with
previous studies in the eastern Atlantic Ocean (Alonso-Sáez
and Arístegui, 2007; Friedline et al., 2012) and indicative of a
large-scale stable community structure. However, the upwelling
induced spatial variability in the structure of the bacterial
assemblage, as suggested by other studies of upwelling systems
(Baltar et al., 2007; Alonso-Gutiérrez et al., 2009; Teira et al.,
2009b; Zeigler Allen et al., 2012).
Parallels in abundance patterns were identiﬁed using k-means
clustering of the 25 most abundant OTUs, assuming that similar
distributions along the transect indicated similar lifestyles. Five
distinct clusters were present in both transects, consistent with
the strong eﬀects of the presence and absence of phytoplankton,
possibly related to copiotrophic or oligotrophic lifestyles.
Interestingly, most of the phyla were exclusively represented
in either a positively or a negatively correlated cluster, which
suggests that diﬀerent taxonomic groups are inﬂuenced by
diﬀerent growth-controlling factors (Gasol et al., 2008).
A PCoA of OTU abundance revealed four clusters of microbial
assemblages along the transects. A correlation analysis showed
that Chl-a concentrations had a signiﬁcant impact on zonation
as the driver separating the microbial assemblages. This ﬁnding
was consistent with the observed spatial changes in BCC that
are typical for the diﬀerent temporal stages of phytoplankton
bloom development along coastal waters (e.g., Gilbert et al., 2012;
Teeling et al., 2012). The characteristics of the four zones were as
follows:
Zone 1 comprised freshly upwelled water with low Chl-a
concentrations, the dominance of dinoﬂagellates, high nutrient
concentrations, and a low PA. Both the high Shannon index
and the high richness indicated the high microbial diversity in
this zone, which was probably caused by the mixing of upwelled
bacteria from deeper waters with the coastal surface community.
This conclusion is supported by the high relative abundance of
an OTU with high similarity to sequences derived from oxygen
minimum zones and aﬃliated with Oceanospirillalespa. These
sequences were reported to be common in the mesopelagic
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FIGURE 5 | Principle coordinate analysis (PCoA) of the normalized
abundance of all OTUs based on the Bray–Curtis dissimilarity. Each
number corresponds to the distance to shore (in km) of the respective sample.
The first three coordinates of the PCoA explained 71% of the variance
(coordinate 1: 37%. 2: 23%. 3: 11%) in the community data of transect 1 (A)
and 73% of the variance (coordinate 1: 33%. 2: 28%. 3: 12%) in the community
data of transect 2 (B). The pie charts show the relative abundances on the
phylum level and refer to the respective clusters marked with blue ellipses in the
PCoA plots. Stations were clustered according to the results of the Bray Curtis
clustering analysis (see Supplementary Figure S2).
zone and in the dark ocean (Swan et al., 2011; Friedline et al.,
2012). The high abundance of other Gammaproteobacteria and
Bacteroidetes in the upwelling zone was in agreement with the
ﬁndings of Baltar et al. (2007) in their study of a coastal transition
zone and indicated the stimulation of Gammaproteobacteria by
upwelled nutrients (Eilers et al., 2000; Alonso-Sáez and Arístegui,
2007).
Zone 2 was characterized by blooming phytoplankton;
however, it could be divided into a section with high abundance
of dinoﬂagellates and high PA and production, all of which
occurred at stations with lower Chl-a concentrations, and a
second section characterized by the dominance of diatoms, a
high PA, and low levels of BPP, occurring at stations with
high Chl-a concentrations (Hansen et al., 2014). We found
both a high diversity and a high relative abundance of OTUs
aﬃliated with Bacteroidetes class Flavobacteria, the abundance
of which is known to increase during phytoplankton blooms
(Teeling et al., 2012; Williams et al., 2012), especially of diatoms
(Pinhassi et al., 2004; Grossart et al., 2005). These bacteria have
been identiﬁed as initial degraders of complex organic matter
(Kirchman, 2002; Arnosti, 2011; Gómez-Pereira et al., 2012).
An abundant OTU aﬃliated with Gammaproteobacteria clade
SAR86 was present in the ﬁrst section of zone 2, consistent
with earlier studies in which the SAR86 group was highly
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TABLE 3 | Significant relationships between environmental parameters
and principal coordinate analysis (PCoA) ordination of the normalized
abundance of all OTUs for transect 1 and transect 2.
Transect 1 Transect 2
Coordinate Variable n rs p n rs p
1
Chl-a 12 −0.76 <0.01 12 0.6 0.03
Diatom biomass 9 −0.66 0.05
PO4 12 0.59 0.04
Temperature 12 −0.63 0.03
Salinity 12 −0.80 <0.01
Pseudoage 12 −0.63 0.03
2
Salinity 12 −0.86 <0.01
Dinoflagellate biomass 9 −0.66 0.05
NO3 12 0.94 <0.01 12 0.62 0.03
PO4 12 0.88 <0.01 12 0.63 0.03
SiO4 12 0.92 <0.01 12 0.67 0.02
DIN 12 0.94 <0.01 12 0.63 0.03
Temperature 12 −0.97 <0.01 12 −0.62 0.03
O2 12 −0.79 <0.01 12 −0.70 0.01
Distance 12 −0.90 <0.01 12 −0.72 0.01
Pseudoage 11 −0.95 <0.01 12 − 0.59 0.04
The number of data (n), Spearman correlations (rs ), and significance values (p) are
shown. Chl-a, chlorophyll a; DIN, dissolved inorganic nitrogen.
TABLE 4 | Major phytoplankton groups and OTUs (according to the values
shown in Table 2) in the four zones determined by PCoA and the
respective diversity measures.
Zone 1 2 3 4
Major
phytoplankton
Dinoflagellates Dinoflagellates/
Diatoms
Dinoflagellates Diatoms
Major OTUs 5, 1, 19, 2, 7 1, 2, 3, 4, 5 2, 1, 4, 6, 5 1, 3, 8, 7, 14
Shannon (H) 9.235 7.082 8.256 6.04
Richness (S) 862 888 868 514
abundant at coastal stations of the Benguela upwelling system
(Morris et al., 2012). Suzuki et al. (2001) hypothesized that
the SAR86 group is stimulated by macronutrients in upwelled
water. This is supported by the potential for proteorhodopsin-
based ATP generation (Dupont et al., 2012). Zone 2 was also
characterized by a dramatic increase in the relative abundance of
Verrucomicrobia, mainly because of a single OTU aﬃliated with
Persicirhabdus, verrucomicrobial subdivision 1, which became
the dominant OTU as Chl-a concentrations reached a maximum.
Verrucomicrobia subdivision 1 is frequently found in marine
bacterial communities (Bano and Hollibaugh, 2002; Freitas et al.,
2012). Although the type species Persicirhabdus sediminis has
been isolated (Yoon et al., 2008), little is known about the
function of these organisms. Recent studies provided evidence
of the high polysaccharide activity of Verrucomicrobia, in
which polymer degradation may be more eﬃcient than that
by members of Bacteroidetes (Martinez-Garcia et al., 2012).
Friedline et al. (2012) compared bacterial communities along
the eastern Atlantic Ocean and found a similar strong shift to a
high abundance of Verrucomicrobia during a diatom-dominated
bloom. Similarly, in our study there was a signiﬁcant positive
correlation between Persicirhabdus and Chl-a concentrations.
Zone 3 was characterized by low Chl-a concentrations,
a dominance of dinoﬂagellates, a low PA, low-level BPP,
and a bacterial community shift on the phylum level to a
dominance of Alphaproteobacteria, the largest proportion of
which was made up by an OTU aﬃliated with “Pelagibacterales.”
The ecological role of “Pelagibacterales” in the ocean and
in the presence of phytoplankton blooms has been studied
extensively (e.g., Morris et al., 2002, 2012; Fuchs et al., 2005;
Teira et al., 2009a). “Pelagibacterales” dominate in oligotrophic
conditions with low Chl-a concentrations and can be stimulated
by phytoplankton-derived labile compounds made available
by Flavobacteria (Williams et al., 2012). This ﬁnding is in
accordance with our observation of a high abundance of
“Pelagibacterales” after the decay of the phytoplankton bloom.
The co-occurrence of “Pelagibacterales” with the SAR86 group is
consistent with the report of Dupont et al. (2012), who suggested
that “Pelagibacterales” and SAR86 are not metabolic generalists
and can thus avoid competing for DOC by utilizing diﬀerent
compounds.
Zone 4 was characterized by higher Chl-a concentrations and
a dominance of diatoms due to an invading water ﬁlament of
younger upwelled water, which resulted in higher PA, increased
BPP, and a bacterial community more closely related to the
community in zone 2 than in zone 3. Consequently, the relative
abundances of bothVerrucomicrobia and Flavobacteria increased
in zone 4.
Overall, the zonation of the microbial communities along
the aging upwelled water in the Benguela system was stable,
with the quality and quantity of phytoplankton and nutrients
acting as the main drivers of the observed zonation. The spatial
shifts in BCC observed in this study were comparable with the
temporal succession stages of algal blooms in temperate seas.
Thus, the perennial Benguela upwelling system provides ideal
conditions for investigations of the mechanisms linking bacteria
and phytoplankton in the ocean. For a more comprehensive
understanding of the observed bacterial successions, future
studies should analyze species-speciﬁc patterns in bacterial
substrate utilization for an understanding of their functional role,
as well as the inﬂuence of top-down eﬀects on the bacterial
community composition.
Author Contributions
BB took and processed the samples. BB and KJ designed the
sampling scheme. BB and DH analyzed the sequence data. BB
wrote the manuscript. DH and KJ did proof-reading of the
manuscript.
Acknowledgments
We thank the captain and crew of the R. V. Maria S. Merian,
as well as Lutz Postel for initiating and leading the cruise. We
Frontiers in Microbiology | www.frontiersin.org 10 June 2015 | Volume 6 | Article 621
Bergen et al. Benguela upwelling bacterioplankton community zonation
are also thanking Katja Becker for her support in collecting the
samples, Annett Grüttmüller for measuring the cell numbers
and Anja Hansen for providing the chlorophyll data. The
cruise was granted by the Deutsche Forschungsgemeinschaft
(DFG).
Supplementary Material
The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fmicb.
2015.00621
References
Alonso-Gutiérrez, J., Lekunberri, I., Teira, E., Gasol, J. M., Figueras, A., and
Novoa, B. (2009). Bacterioplankton composition of the coastal upwelling
system of “Ría de Vigo”, NW Spain. FEMS Microbiol. Ecol. 70, 493–505. doi:
10.1111/j.1574-6941.2009.00766.x
Alonso-Sáez, L., and Arístegui, J. (2007). Bacterial assemblage structure and carbon
metabolism along a productivity gradient in the NE Atlantic Ocean. Aquat.
Microb. Ecol. 46, 43–53. doi: 10.3354/ame046043
Arnosti, C. (2011). Microbial extracellular enzymes and the marine carbon cycle.
Annu. Rev. Mar. Sci. 3, 401–425. doi: 10.1146/annurev-marine-120709-142731
Baltar, F., Arístegui, J., Gasol, J., Hernández-León, S., and Herndl, G. (2007). Strong
coast-ocean and surface-depth gradients in prokaryotic assemblage structure
and activity in a coastal transition zone region. Aquat. Microbiol. Ecol. 50,
63–74. doi: 10.3354/ame01156
Bano, N., and Hollibaugh, J. (2002). Phylogenetic composition of bacterioplankton
assemblages from the Arctic Ocean. Appl. Environ. Microbiol. 68, 505–518. doi:
10.1128/AEM.68.2.505-518.2002
Barbosa, A., Galvão, H., Mendes, P., Álvarez-Salgado, X., Figueiras, F., and
Joint, I. (2001). Short-term variability of heterotrophic bacterioplankton during
upwelling oﬀ the NW Iberian margin. Prog. Oceanogr. 51, 339–359. doi:
10.1016/S0079-6611(01)00074-X
Barlow, R. (1982). Phytoplankton ecology in the southern Benguela current. III.
Dynamics of a bloom. J. Exp. Mar. Biol. Ecol. 63, 239–248. doi: 10.1016/0022-
0981(82)90181-2
Benner, R., and Biddanda, B. (1998). Photochemical transformations of surface
and deep marine dissolved organic matter: eﬀects on bacterial growth. Limnol.
Oceanogr. 43, 1373–1378. doi: 10.4319/lo.1998.43.6.1373
Bragg, L., Stone, G., Imelfort, M., Hugenholtz, P., and Tyson, G. W. (2012).
Fast, accurate error-correction of amplicon pyrosequences using Acacia. Nat.
Methods 9, 425–426. doi: 10.1038/nmeth.1990
Brown, P. C., and Hutchings, L. (1987). The development and decline of
phytoplankton blooms in the southern Benguela upwelling system. 1. Drogue
movements, hydrography and bloom development. S. Afr. J. Mar. Sci. 5,
357–391. doi: 10.2989/025776187784522801
Brown, P. C., Painting, S. J., and Cochrane, K. L. (1991). Estimates of
phytoplankton and bacterial biomass and production in the northern and
southern Benguela ecosystems Study area. S. Afr. J. Mar. Sci. 11, 537–564. doi:
10.2989/025776191784287673
Buckley, D. H., and Schmidt, T. M. (2001). Environmental factors inﬂuencing the
distribution of rRNA from Verrucomicrobia in soil. FEMS Microbiol. Ecol. 35,
105–112. doi: 10.1111/j.1574-6941.2001.tb00793.x
Cole, J. R., Wang, Q., Cardenas, E., Fish, J., Chai, B., Farris, R. J., et al. (2009).
The ribosomal database project: improved alignments and new tools for rRNA
analysis. Nucleic Acids Res. 37, D141–D145. doi: 10.1093/nar/gkn879
Cuevas, L. A., Daneri, G., Jacob, B., and Montero, P. (2004). Microbial abundance
and activity in the seasonal upwelling area oﬀ Concepción (∼36◦S), central
Chile: a comparison of upwelling and non-upwelling conditions. Deep Sea Res.
Part II Top Stud. Oceanogr. 51, 2427–2440. doi: 10.1016/j.dsr2.2004.07.026
Cury, J. C., Araujo, F. V., Coelho-Souza, S. A., Peixoto, R. S., Oliveira, J. A. L.,
Santos, H. F., et al. (2011). Microbial diversity of a Brazilian coastal region
inﬂuenced by an upwelling system and anthropogenic activity. PLoS ONE
6:e16553. doi: 10.1371/journal.pone.0016553
Daims, H., Brühl, A., Amann, R., Schleifer, K. H., and Wagner, M. (1999). The
domain-speciﬁc probe EUB338 is insuﬃcient for the detection of all Bacteria:
development and evaluation of a more comprehensive probe set. Syst. Appl.
Microbiol. 22, 434–444. doi: 10.1016/S0723-2020(99)80053-8
de Carvalho, W. F., and Gonzalez Rodriguez, E. (2004). Development of primary
and bacterial productivity in upwelling waters of Arraial do Cabo region, RJ
(Brazil). Braz. J. Oceanogr. 52, 35–45. doi: 10.1590/S1679-87592004000100004
Dupont, C. L., Rusch, D. B., Yooseph, S., Lombardo, M.-J., Richter, R. A., Valas, R.,
et al. (2012). Genomic insights to SAR86, an abundant and uncultivated
marine bacterial lineage. ISME J. 6, 1186–1199. doi: 10.1038/ismej.20
11.189
Eilers, H., Pernthaler, J., and Amann, R. (2000). Succession of pelagic marine
bacteria during enrichment: a close look at cultivation-induced shifts. Appl.
Environ. Microbiol. 66, 4634–4640. doi: 10.1128/AEM.66.11.4634-4640.2000
Fernández-Urruzola, I., Osma, N., Packard, T. T., Gómez, M., and Postel, L.
(2014). Distribution of zooplankton biomass and potential metabolic activities
across the northern Benguela upwelling system. J. Mar. Syst. 140, 138–149. doi:
10.1016/j.jmarsys.2014.05.009
Freitas, S., Hatosy, S., Fuhrman, J. A., Huse, S. M., Welch, D. B. M., Sogin, M. L.,
et al. (2012). Global distribution and diversity of marine Verrucomicrobia.
ISME J. 6, 1499–1505. doi: 10.1038/ismej.2012.3
Friedline, C. J., Franklin, R. B., McCallister, S. L., and Rivera, M. C. (2012). Bacterial
assemblages of the eastern Atlantic Ocean reveal both vertical and latitudinal
biogeographic signatures. Biogeosciences 9, 2177–2193. doi: 10.5194/bgd-9-109-
2012
Fuchs, B., Woebken, D., and Zubkov, M. (2005). Molecular identiﬁcation of
picoplankton populations in contrasting waters of the Arabian Sea. Aquat.
Microbiol. Ecol. 39, 145–157. doi: 10.3354/ame039145
Gasol, J., Pinhassi, J., Alonso-Sáez, L., Ducklow, H., Herndl, G., Koblízek, M., et al.
(2008). Towards a better understanding of microbial carbon ﬂux in the sea.
Aquat. Microbiol. Ecol. 53, 21–38. doi: 10.3354/ame01230
Gasol, J. M., Zweifel, U. L., Peters, F., Fuhrman, J. A., and Hagström, A. (1999).
Signiﬁcance of size and nucleic acid content heterogeneity as measured by
ﬂow cytometry in natural planktonic bacteria. Appl. Environ. Microbiol. 65,
4475–4483.
Gilbert, J. A., Steele, J. A., Caporaso, J. G., Steinbrück, L., Reeder, J., Temperton, B.,
et al. (2012). Deﬁning seasonal marine microbial community dynamics. ISME
J. 6, 298–308. doi: 10.1038/ismej.2011.107
Gómez-Pereira, P. R., Schüler, M., Fuchs, B. M., Bennke, C., Teeling, H.,
Waldmann, J., et al. (2012). Genomic content of uncultured Bacteroidetes from
contrasting oceanic provinces in the North Atlantic Ocean. Environ. Microbiol.
14, 52–66. doi: 10.1111/j.1462-2920.2011.02555.x
Grossart, H., Levold, F., Allgaier, M., Simon, M., and Brinkhoﬀ, T. (2005). Marine
diatom species harbour distinct bacterial communities. Environ. Microbiol. 7,
860–873. doi: 10.1111/j.1462-2920.2005.00759.x
Hammer, Ø., Harper, D. A. T., and Ryan, P. D. (2001). Past: paleontological
statistics software package for education and data analysi. Palaeontol. Electron.
4, 1–9. doi: 10.1016/j.bcp.2008.05.025
Hansen, A., Ohde, T., and Wasmund, N. (2014). Succession of micro- and
nanoplankton groups in ageing upwelled waters oﬀ Namibia. J. Mar. Syst. 140,
130–137. doi: 10.1016/j.jmarsys.2014.05.003
Herlemann, D. P., Labrenz, M., Jürgens, K., Bertilsson, S., Waniek, J. J., and
Andersson, A. F. (2011). Transitions in bacterial communities along the
2000 km salinity gradient of the Baltic Sea. ISME J. 5, 1571–1579. doi:
10.1038/ismej.2011.41
Jürgens, K., and Matz, C. (2002). Predation as a shaping force for the phenotypic
and genotypic composition of planktonic bacteria. Antonie van Leeuwenhoek
81, 413–434. doi: 10.1023/A:1020505204959
Kerkhof, L. J., Voytek, M. A., Sherrell, R. M., Millie, D., and Schoﬁeld, O. (1999).
Variability in bacterial community structure during upwelling in the coastal
ocean. Hydrobiologia 401, 139–148. doi: 10.1023/A:1003734310515
Kirchman, D. L. (2002). The ecology of Cytophaga-Flavobacteria in aquatic
environments. FEMS Microbiol. Ecol. 39, 91–100. doi: 10.1111/j.1574-
6941.2002.tb00910.x
Lønborg, C., Martínez-García, S., Teira, E., and Álvarez-Salgado, X. (2011).
Bacterial carbon demand and growth eﬃciency in a coastal upwelling system.
Aquat. Microbiol. Ecol. 63, 183–191. doi: 10.3354/ame01495
Frontiers in Microbiology | www.frontiersin.org 11 June 2015 | Volume 6 | Article 621
Bergen et al. Benguela upwelling bacterioplankton community zonation
MacQueen, J. (1967). “Some methods for classiﬁcation and analysis of multivariate
observations,” in Proceedings of the Fifth Berkeley Symposium on Mathematical
Statistics and Probability, Vol. 1 (Berkeley, CA: University of California Press),
281–297.
Martinez-Garcia, M., Brazel, D. M., Swan, B. K., Arnosti, C., Chain,
P. S. G., Reitenga, K. G., et al. (2012). Capturing single cell genomes
of active polysaccharide degraders: an unexpected contribution of
Verrucomicrobia. PLoS ONE 7:e35314. doi: 10.1371/journal.pone.00
35314
McManus, G., and Peterson, W. (1988). Bacterioplankton production in the
nearshore zone during upwelling oﬀ central Chile. Mar. Ecol. Prog. Ser. 43,
11–17. doi: 10.3354/meps043011
Mohrholz, V., Eggert, A., Junker, T., Nausch, G., Ohde, T., and Schmidt, M. (2014).
Cross shelf hydrographic and hydrochemical conditions and its short term
variability at the northern Benguela during a normal upwelling season. J. Mar.
Syst. 140, 92–110. doi: 10.1016/j.jmarsys.2014.04.019
Moloney, C. L., and Field, J. G. (1991). The size-based dynamics of plankton food
webs. I. A simulation model of carbon and nitrogen ﬂows. J. Plankton Res. 13,
1003–1038. doi: 10.1093/plankt/13.5.1003
Morris, R. M., Frazar, C. D., and Carlson, C. A. (2012). Basin-scale patterns in the
abundance of SAR11 subclades, marine Actinobacteria (OM1), members of the
Roseobacter clade and OCS116 in the South Atlantic. Environ. Microbiol. 14,
1133–1144. doi: 10.1111/j.1462-2920.2011.02694.x
Morris, R., Rappé, M., and Connon, S. (2002). SAR11 clade dominates
ocean surface bacterioplankton communities. Nature 420, 806–810. doi:
10.1038/nature01281.1
Nausch, M., and Nausch, G. (2014). Phosphorus speciation and transformation
along transects in the Benguela upwelling region. J. Mar. Syst. 140, 111–122.
doi: 10.1016/j.jmarsys.2014.04.020
Nelson, G., and Hutchings, L. (1983). The Benguela upwelling area. Prog. Oceanogr.
12, 333–356. doi: 10.1016/0079-6611(83)90013-7
Painting, S. (1993a). Dynamics of bacterioplankton, phytoplankton and
mesozooplankton communities during the development of an upwelling
plume in the southern Benguela. Mar. Ecol. Prog. Ser. 100, 35–53. doi:
10.3354/meps100035
Painting, S. (1993b). Simulation and ﬁeld-measurements of phytoplankton-
bacteria-zooplankton interactions in the southern Benguela upwelling region.
Mar. Ecol. Prog. Ser. 100, 55–69. doi: 10.3354/meps100055
Painting, S. J., Lucas, M. I., and Muir, D. G. (1989). Fluctuations in heterotrophic
bacterial community structure, activity and production in response to
development and decay of phytoplankton in a microcosm.Mar. Ecol. Prog. Ser.
53, 129–141. doi: 10.3354/meps053129
Pernthaler, A., Pernthaler, J., and Amann, R. (2002). Fluorescence in situ
hybridization and catalyzed reporter deposition for the identiﬁcation of marine
bacteria. Appl. Environ. Microbiol. 68, 3094–3101. doi: 10.1128/AEM.68.6.3094
Pinhassi, J., Sala, M., Havskum, H., Peters, F., Guadayol, O., Malits, A.,
et al. (2004). Changes in bacterioplankton composition under diﬀerent
phytoplankton regimens. Appl. Environ. Microbiol. 70, 6753–6766. doi:
10.1128/AEM.70.11.6753-6766.2004
Pitcher, G. C., Boyd, A. J., and Horstman, D. A. (1998). Subsurface dinoﬂagellate
populations, frontal blooms and the formation of red tide in the southern
Benguela upwelling system. Mar. Ecol. Prog. Ser. 172, 253–264. doi:
10.3354/meps172253
Sarmento, H., and Gasol, J. M. (2012). Use of phytoplankton-derived dissolved
organic carbon by diﬀerent types of bacterioplankton. Environ. Microbiol. 14,
2348–2360. doi: 10.1111/j.1462-2920.2012.02787.x
Shannon, L. V., Boyd, A. J., Brundrit, G. B., and Taunton-Clark, J. (1986). On the
existence of an El Niño-type phenomenon in the Benguela System. J. Mar. Res.
44, 495–520. doi: 10.1357/002224086788403105
Shannon, L. V., and Nelson, G. (1996). “The Benguela: large scale features and
processes and system variability,” in The South Atlantic: Present and Past
Circulation, eds G.Wefer, W. H. Berger, G. Siedler, and D. J. Webb (Heidelberg:
Springer), 163–210.
Simon, M., and Azam, F. (1987). Protein content and protein synthesis rates
of planktonic marine bacteria. Mar. Ecol. Prog. Ser. 51, 201–213. doi:
10.3354/meps051201
Smith, D. C., Steward, G. F., Long, R. A., and Azam, F. (1995). Bacterial mediation
of carbon ﬂuxes during a diatom bloom in a mesocosm. Deep Sea Res. Part II
Top Stud. Oceanogr. 42, 75–97. doi: 10.1016/0967-0645(95)00005-B
Sorokin, Y. I., and Mikheev, V. N. (1979). On characteristics of the Peruvian
upwelling ecosystem. Hydrobiologia 62, 165–189. doi: 10.1007/BF00037508
Suzuki, M., Preston, C., Chavez, F., and DeLong, E. (2001). Quantitative
mapping of bacterioplankton populations in seawater: ﬁeld tests across an
upwelling plume in Monterey Bay. Aquat. Microb. Ecol. 24, 117–127. doi:
10.3354/ame024117
Swan, B. K., Martinez-Garcia, M., Preston, C. M., Sczyrba, A., Woyke, T.,
Lamy, D., et al. (2011). Potential for chemolithoautotrophy among
ubiquitous bacteria lineages in the dark ocean. Science 333, 1296–1300.
doi: 10.1126/science.1203690
Teeling, H., Fuchs, B., Becher, D., Klockow, C., Gardebrecht, A., Bennke, C. M.,
et al. (2012). Substrate-controlled succession of marine bacterioplankton
populations induced by a phytoplankton bloom. Science 336, 608–611. doi:
10.1126/science.1218344
Teira, E., Martínez-García, S., Lønborg, C., and Álvarez-Salgado, X. A. (2009a).
Growth rates of diﬀerent phylogenetic bacterioplankton groups in a coastal
upwelling system. Environ. Microbiol. Rep. 1, 545–554. doi: 10.1111/j.1758-
2229.2009.00079.x
Teira, E., Nieto-Cid, M., and Álvarez-Salgado, X. (2009b). Bacterial community
composition and colored dissolved organic matter in a coastal upwelling
ecosystem. Aquat. Microb. Ecol. 55, 131–142. doi: 10.3354/ame01290
Vinogradov, M. E., and Shushkina, E. A. (1978). Some development patterns of
plankton communities in the upwelling areas of the Paciﬁc Ocean. Mar. Biol.
48, 357–366. doi: 10.1007/BF00391640
Weinbauer, M. G., Fritz, I., Wenderoth, D. F., and Höﬂe, M. G. (2002).
Simultaneous extraction from bacterioplankton of total RNA and DNA suitable
for quantitative structure and function analyses. Appl. Environ. Microbiol. 68,
1082–1087. doi: 10.1128/AEM.68.3.1082-1087.2002
Wiebinga, C. J., Veldhuis, M. J. W., and De Baar, H. J. W. (1997). Abundance
and productivity of bacterioplankton in relation to seasonal upwelling in the
northwest Indian Ocean. Deep Sea Res. Part I Oceanogr. Res. Pap. 44, 451–476.
doi: 10.1016/S0967-0637(96)00115-X
Williams, T. J., Wilkins, D., Long, E., Evans, F., DeMaere,M. Z., Raftery, M. J., et al.
(2012). The role of planktonic Flavobacteria in processing algal organic matter
in coastal East Antarctica revealed using metagenomics and metaproteomics.
Environ. Microbiol. 15, 1302–1317. doi: 10.1111/1462-2920.12017
Wright, E. S., Yilmaz, L. S., and Noguera, D. R. (2012). DECIPHER, a search-based
approach to chimera identiﬁcation for 16S rRNA sequences. Appl. Environ.
Microbiol. 78, 717–725. doi: 10.1128/AEM.06516-11
Yoon, J., Matsuo, Y., Adachi, K., Nozawa, M., Matsuda, S., Kasai, H., et al.
(2008). Description of Persicirhabdus sediminis gen. nov., sp. nov., Roseibacillus
ishigakijimensis gen. nov., sp. nov., Roseibacillus ponti sp. nov., Roseibacillus
persicicus sp. nov., Luteolibacter pohnpeiensis gen. nov., sp. nov. and
Luteolibacter algae sp. no. Int. J. Syst. Evol. Microbiol. 58, 998–1007. doi:
10.1099/ijs.0.65520-0
Zeder, M., and Pernthaler, J. (2009). Multispot live-image autofocusing for high-
throughput microscopy of ﬂuorescently stained bacteria. Cytometry A 75,
781–788. doi: 10.1002/cyto.a.20770
Zeigler Allen, L., Allen, E. E., Badger, J. H., McCrow, J. P., Paulsen, I. T., Elbourne,
L. D. H., et al. (2012). Inﬂuence of nutrients and currents on the genomic
composition of microbes across an upwelling mosaic. ISME J. 6, 1403–1414.
doi: 10.1038/ismej.2011.201
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or ﬁnancial relationships that could
be construed as a potential conﬂict of interest.
Copyright © 2015 Bergen, Herlemann and Jürgens. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.
Frontiers in Microbiology | www.frontiersin.org 12 June 2015 | Volume 6 | Article 621
